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Abstract: The Hexi Corridor, an important part of the Silk Road Economic Belt, is considered the
poorest, most water scarce, and most ecologically fragile area in China. Establishing efficient strategies
for water management in an integrated manner is utterly important. This paper evaluates the
spatio-temporal trends of water stress (2003–2015) in the Shule (SLRB), Heihe (HHRB), and Shiyang
(SYRB) River Basins in the Hexi Corridor based on the Water Poverty Index (WPI). For SLRB, the
WPI ranged from 55.3 to 66.4, followed by HHRB (40.1–58.2) and SYRB with WPI = 20.0–43.9. Both
SYRB and HHRB showed an improvement in the water situation based on increasing trends, whereas
SLRB demonstrated a small decrease. The effectiveness of water policy interventions was evident in
SYRB and HHRB, standing at odds with SLRB where interventions required adjustment to ameliorate
the water stress. For the start and end years, pentagrams for five components (Resource, Access,
Capacity, Use, Environment) demonstrated the merits and weaknesses of WPI as a comparative
framework for assessing the water situation. This study also reaffirms the importance of WPI, utilized
for investigating the efficacy of implemented water policies and benchmarking the future priorities in
basins not only in China but also in other locations where water resources management is a key issue.
Keywords: water poverty index; water stress; water resources management; spatio-temporal changes;
Hexi Corridor of China
1. Introduction
Water is a vital resource for natural ecosystems and for sustainable human life [1], especially in
arid and semi-arid regions. Water and poverty are inextricably related through the following aspects [2]:
water for basic services, food production, job creation, sustainable environmental management, and for
water rights and entitlements for poorer people. Wilk et al. [3] suggested that a better understanding
of poverty and prosperity is imperative to enforce strategic actions for the efficient management of
water resources. Water plans and management can offer cost-competitive adaptation to sustainable
development with the potential to meet both short and medium term targets for reducing water
scarcity risks [4]. Many researchers agree on a set of specific strategies that can help with an increase
in water use efficiency, improve the environment, and maintain sustainable water services in rural
populations [5]. An innovative approach to integrating the inter-playing components of human water
Sustainability 2017, 9, 756; doi:10.3390/su9050756 www.mdpi.com/journal/sustainability
Sustainability 2017, 9, 756 2 of 17
use with the relevant water management strategies is an essential tenet for core decision-making and
for various policies devised on water poverty and the sustainable utilization of water resources [6,7].
The Hexi Corridor, exemplified as the study region, which is also an important sector of the Silk
Road and the New Asia-European Railway, is considered to be a poor and a limited water resource
area. Melt water and groundwater being the two primary water resources, the Hexi Corridor tends
to suffer from significant periods of water deficits, leading to a recession of the groundwater and a
deterioration of the eco-environments along with the persistent poverty that has been reported over
the last decade. Due to the importance of this region in contemporary China, significant efforts have
been expended by national and local government agencies to devise sustainable plans such as those
listed in Table 1.
Table 1. Name, objective, executive period, investment, and measures of policy implemented in the
Shule (SLRB), Heihe (HHRB), and Shiyang (SYRB) River Basins within the Hexi Corridor.
Study Basin Name of Policy/Objective/ExecutivePeriod/Investment (Million US $) Measures
SLRB
Comprehensive Development Project of Agriculture
Irrigation and Inhabitant Resettlement in Shule River
Basin: Empowered 7.5 × 104 peasantry in central and
western Gansu Province to SLRB to eliminate poor
living conditions from 1996 to 2006; 295.1
Inhabitant resettlement; Water infrastructure;
Sustainable agricultural and economic
developmental.
Comprehensive Planning of Rational Utilization of
Water Resources and Ecological Protection in
Dunhuang: Discharged 78 × 106 m3 of water to West
Lake Nature Reserve in Dunhuang from Shuangta
reservoir by 2015, and the water drained into the
nature reserve must be more than 38 × 106 m3/year by
2020; from 2011 to 2020; 708
Water-saving transformation in irrigation
district; Ecological construction.
HHRB
Ecological Water Transfer Project: To curb ecological
deterioration downstream, an additional 2.55 × 108 m3
water was discharged upstream to make sure its inflow
reached 9.5 × 108 m3 when 15.8 × 108 m3 runoff from
upstream; from 2000 to 2015
Water transfer; Water-efficient agricultural
practices; Grazing bans;
Relocation/resettlement of herdsmen.
Building a Water-saving Society in Zhangye: (hold 91%
of population and 95% of croplands of HHRB)
Improve the carry capacity of water resources to
achieve the win-win goal of ecological water transfer
and regional development in HHRB; from 2002 to 2005
Reform of water rights system; Control the
total water resources; Readjust the industrial
structures; Water-saving transformation in
irrigation district.
SYRB
Grain for green project in Minqin: Improve the
ecological environment and maintain the survival and
development of local area; from 2002 to 2013
Convert cropland to forest and grassland;
Afforest on waste land.
Shiyang River Basin Management Plan: Address water
shortage, eco-environmental deterioration, and
poverty in SYRB; Prevent Minqin from becoming the
second ‘Lop Nur’; from 2007 to 2020; 712
Water distribution plans and water quota;
Improvement of irrigation canals; Closure of
wells in irrigation, restriction on water use on
cultivated lands; Develop facility agriculture
and animal husbandry+fruit industry.
Notes: The primary measures of polices in the study basins can be measured practically by the five components of
the Water Poverty Index. The data were acquired from public government documents available on the Internet.
Some policies do not show the amount of investment as they are executive orders or not available publically.
1 US $ = 6.68 RMB.
By the year 2015, some of these projects and plans were already implemented, while the others
were still pending. This clearly reflects a concern regarding the water stress situation and the related
poverty within the Hexi Corridor. One may therefore ask: how successful are the proposed measures
for reducing the water scarcity and the defined new water and developmental policies? There is
no doubt that an assessment of the progress, determination of the priority developmental activities,
and the design of management strategies for the water resource sector are very complex. Considering
this, an interdisciplinary approach utilized in an integrated manner needs to be adopted to help
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analyze such situations [8–11]. Water use indicators are thus considered to be powerful quantitative
tools for decision-making [12].
In order to devise a standardized mechanism for assessing the water stress, several water
availability indices have been developed in this paper. One primary index, is the Water Poverty
Index (WPI) [13] that aims to foster a strategic approach for understanding the complexities associated
with water issues by integrating physical, social, economic, and environmental aspects and also
linking the water stress to the related poverty in the respective region [14,15]. In its various forms,
the WPI has broadly been used to manage water resources to ensure a sustainable future [16]. Precisely,
the WPI has been applied in many research works; for example, from the viewpoint of community
to local perspectives [14,17,18], regional and basin levels [11,19–23], and national and international
perspectives [8–10,24]. In most of these studies, the WPI has been classified into five major components:
water resources, water access, use, capacity (social and economic), and water-related environmental
quality. These sub-components can provide an aggregated picture of the water resource situation
in respective study areas. The aggregated scores can provide key decision-makers with a clear and
comprehendible performance indicator applied for monitoring the water stress situation and for
identifying and selecting areas of greatest need, particularly for resource allocation and developmental
prioritization [11]. Accordingly, the application of this index shows that if the WPI can be computed
at a reasonable time interval, it could be utilized to monitor the developmental progress within the
respective region [14]. In view of its practical importance, the WPI has attracted considerable research
attention from policymakers, development agencies, and government professionals working in water
resources management [8,9,11,17,18,21]. However, in the context of the basins studied within the
Hexi Corridor (China) considered in this paper, the utility of the WPI for decision-making is yet to
be investigated.
The novelty of this paper is to apply for the first time within the Hexi Corridor, the Water Poverty
Index (WPI) to enable an assessment of the water poverty situation and to study the spatio-temporal
changes in the three inland river basins (Shule, Heihe, and Shiyang River Basins). The results can serve
as a reference used to generate a knowledge base for water poverty and watershed analysis; playing a
vital role in a fair, equitable, and transparent decision-making and including the prioritization of policy
interventions. The precise aims of this paper are threefold: (1) to provide a comprehensive overview
of water management challenges in accordance with WPI based on five important components
(i.e., Resource, Access, Use, Capacity, and Environment) and the related subcomponents to establish an
index-based system; (2) assess the effectiveness of previous plans implemented for water use in terms
of the temporal changes in WPI; (3) to investigate the trends in WPI from 2003 to 2015. This paper
is structured as follows: Section 2 details the study area and methodological overview, framework,
and calculation of WPI. Section 3 presents the results, including temporal changes of the components,
water poverty situational assessments and a detailed analysis and visualization between 2003 and
2015. Section 4 outlines the discussion, and Section 5 concludes the findings of the paper and provides
some points for further research.
2. Materials and Methods
2.1. Study Area
In this paper, we validate the usefulness of the Water Poverty Index (WPI) applied in the Hexi
Corridor of China (92◦21′ to 104◦45′E, 37◦15′ to 41◦30′N), located in northwest of the Gansu Province.
The region starts on the Tibetan Plateau and ends in the grassland of Inner Mongolia, in desert land
from the south to the north, in Wushaoling Mountains in the east, and in Yumenguan in the west.
The Hexi Corridor is a long narrow corridor, covering a distance of 40–100 km from the north to the
south and stretching about 1120 km from the east to the west, with an area of 27.6 × 104 km2. It covers
about 60% of the territory, and it is inhabited by almost 20% of the population in the Gansu province.
In terms of its climatic conditions, the region has an arid continental climate with an annual rainfall
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reaching no more than 200 mm, whereas the annual evaporation falls between 1500 and 3200 mm.
However the melting snow from mountains, fertile oases, and annual sunshine duration amounts to
2800–3300 hours, making the Hexi Corridor quite attractive for the development of irrigation-based
agriculture. Consequently, this area is an important commodity grain base of the northwest region
of China.
In the Hexi Corridor, there are three independent landlocked river systems; the Shule River
Basin (SLRB), the Heihe River Basin (HHRB), and the Shiyang River Basin (SYRB), as illustrated in
Figure 1. Water resources are generated in the mountains of the upper reach, but these are mostly
utilized and consumed in the middle reaches and lower reaches of the river system. The basins are
characterized by scarce precipitation, poverty, high proportion of agricultural water use (accounting
for more than 80% of the water consumption), poor water resources management, and ecological
insecurity, although the regions considered exhibit different ranges of these characteristics (Table 2).
For example, the SLRB, with the largest area (169,983 km2), encompasses the smallest population
(50.4 × 104 people), whereas the SYRB has the highest population density in spite of having the
smallest area (40,687 km2). The groundwater contributions to the water budget in these regions for the
year 2015 were about 21.9%, 27.0%, and 32.4% respectively in SLRB, HHRB, and SYRB. The utilization
of water resources in the SLRB, SYRB, and HHRB reached about 76%, 138%, and 146%, respectively,
in 2015, which is higher than the 40% recognized as an internationally acceptable maximum threshold.
As a consequence, a number of water-related, eco-environmental, and socio-economic challenges have
emerged in the Hexi Corridor, which are particularly pronounced for SYRB.
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Figure 1. Location of the three river basins in the Hexi Corridor, China.
Table 2. Area, population, water resources, and use in the three basins.
Basin Area (km2)
Population
(104 Person)
Groundwater Contributions
to Water Budget (%)
Ratio of Irrigation
Water (%)
Water Use
Intensity (%)
SLRB 169,983 50.4 21.9 82.3 76
HHRB 59,354 198.7 27.0 83.6 138
SYRB 40,687 223.2 32.4 85.3 146
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2.2. Water Poverty Index (WPI)
In this paper, we apply the Water Poverty Index (WPI), which has been tested in a plethora
of studies elsewhere, and capture a comprehensive overview of water management challenges in
different study regions (e.g., [10,13,16,17,25–27]). To apply WPI in the Hexi corridor and to investigate
the water poverty situation, five components of water management are considered (i.e., resources,
access, capacity, use, and environment).
Resources—this component measures the physical availability of water resources, which
encompasses natural precipitation as a primary source for water and surface water and groundwater
as secondary yet unequivocally important sources;
Access—this component measures how well provisioned the population currently is, including
the infrastructural conditions of domestic, irrigation, and industrial water usage;
Capacity—this component refers to the social and economic capacity to practically utilize and
manage water resources;
Use—this component includes an estimated level of water usage by different sectors of the
economy, including an assessment of the efficiency of how water resources are utilized;
Environment—this component is adopted for an evaluation of environmental integrity related to
environmental impacts in the process of water utilization and management.
Since these components are somewhat broadly represented, it is reasonable to consider that each
should be partitioned into different sub-components to establish an index system. Mathematically, this
is written as:
WPI =
wrR + waA + wcC + wuU + weE
wr + wa + wc + wu + we
(1)
In Equation (1), WPI refers to the total water poverty score developed for the study areas; wrR,
waA, wcC, wuU, and weE are the scores for the components denoted as Resources, Access, Capacity,
Use, and Environment, respectivelyl and ‘wr, wa, wc, wu, and we’ are the respective weights for each
component of the WPI, applied to designate the importance of each variable used to develop the Water
Poverty Index.
According to the weighted values assigned to each sub-component, there are two possibilities for
calculating the WPI. The first one accords to the balance methodology utilizing equal weighted values
given to the sub-components and the components of WPI in order to avoid issues of subjectivity [16].
This method also ensures that the index is transparent for decision-makers and other stakeholders
and that it is one that is comparable among the different basins [11]. This method is usually applied
on large scales (i.e., [9,11,19,20,28]). The second approach is the unbalanced methodology wherein
unequal weighted values are given on the basis of the importance of the variables in water resources
management. This is normally applied on a small scale [20]. In this study, the balanced methodology
has been adopted to calculate the WPI so that the weighted values of each component were set to 1.
This approach yields a mathematical formula of the form:
WPI =
R + A + C + U + E
5
(2)
It is imperative to note that each of the five components constitutes the sub-components, which
are normalized and bounded by [0, 100]. Consequently, WPI = 0 represents the worst (an extreme case
of water poverty), while WPI = 100 is taken to be the best water situation in the respective regions
where various data components were analyzed.
2.3. Selection and Normalization of WPI
In this paper, the indicators of the water situation and their sub-components were selected after
a careful review of the published literature [10,14,17,19–22,24,28–32] and the primary measures of
polices applied in the study area. These measures (shown in Table 1) were selected as they are expected
to moderate the changes in water resource utilization, population, cultivated land, irrigation facilities,
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farmer livelihood, and eco-environment within the study basins. Importantly, these changes can be
suitably reflected by the five components of WPI. We thus applied these indicators to the study area
to assess their ability to effectively represent issues of water resource management. An application
of the approach resulted in a total of 12 subcomponents, which were derived with the 15 indicators
collected from the Water Resources Bulletin of Gansu Province for the study period 2003–2015. Table 3
shows the structure of the WPI with the respective sub-components, indicators of water stress, and the
calculation of different sub-components. All these data considered for the development of the WPI
were available at the selected basin level.
In order to enhance the portability of the index and its potential application in the present study
region, procedures such as a comparison, aggregation, interpretation, and alterations were made to
normalize the sub-components into a uniform and a unidirectional scale using a set of thresholds.
Sub-components were normalized using the min-max approach [11]. If the increase in sub-components
resulted in a better water situation (i.e., R2, A1, etc.), then Equation (3) was applied; otherwise,
Equation (4) was applied, viz. U1, E1, and E2. In addition to these, R1 and C1 were normalized by a
specific formula in accordance with other research works [11,21,23], as outlined in Table 3.
yij =
xij −minxij
maxxij −minxij (3)
yij =
maxxij − xij
maxxij −minxij (4)
In Equations (3) and (4), yij is the normalization value; xij is the original value for a basin; and the
minimum and maximum refer to the values of all the study basins considered.
In order to avoid the problems associated with boundary values [0, 1], the maximum and
minimum values should be usually adjusted. According to Heidecke [15], the minimum values
were divided by 1.05 and the maximum values were multiplied by 1.05 to enhance the authenticity of
the results, as shown in Equations (5) and (6).
Yij =
xij −minxij/1.05
1.05maxxij −minxij/1.05 (5)
Yij =
1.05maxxij − xij
1.05maxxij −minxij/1.05 (6)
After getting the normalization values of subcomponents, the value of each component (Cij) was
computed using Equation (7) such that the WPI was generated via Equation (8). This concurred with
the physical interpretations of Equation (2):
Cij =
∑ 100Yij
n
(7)
WPI =
∑Cij
5
(8)
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Table 3. Structure of Water Poverty Index (WPI), subcomponents calculation, and indicators applied in the basins.
Components Subcomponents/Unit Indicators Subcomponents Calculation
Resources (R) R1: Per capita water availability(m
3/yr)
R2: Per ha water availability (m3/ha/yr)
a: water availability
b: population
c: cultivated land
d: year-end reservoir water storage
e: annual runoff
f: effective irrigation area
g: water-saving irrigation area
h: actual irrigation area
i: irrigation water consumption
j: industrial water consumption
k: total water supply
l: GDP
m: grain yield
n: annual wastewater discharge
o: groundwater supply
R1 = a/b YR1 =
xij−500
1700−500 ;
if xij > 1700, YR1 = 1;
if xij < 500, YR1 = 0.
R2 = a/c
Access (A)
A1: % year-end reservoir water storage
A2: % irrigation of cultivated land
A3: % water-saving irrigation area
A1 = d/e
A2 = f/c
A3 = g/h
Capacity (C) C1: per capita GDP ($/person)
C1 = l/b
YC1 =
log xij − log(min)
log(max)− log(min) ;
min = $100, max = $40,000;
Use (U)
U1: % irrigation water consumption
U2: % industrial water consumption
U3: output value of per m3 of water ($/m3)
U4: grain yield of per m3 of water (kg/m3)
U1 = i/k
U2 = j/m
U3 = l/p
U4 = m/i
Environment (E) E1: % pollution of surface waterE2: % groundwater supply
E1 = n/e
E2 = o/k
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3. Results
In this section, the spatio-temporal changes in Water Poverty Index (WPI) and its sub-components
for the three inland river basins in the Hexi Corridor are presented. For an easy interpretation,
the results are discussed in three distinct parts: firstly, the temporal variations of the WPI components
and their comparisons among the three basins are made; secondly, the temporal variations of the
water poverty situation are studied; and, thirdly, a comparison of the components, WPI, and its
spatio-temporal variations in selected lower and upper bound years (2003 and 2015) are presented.
3.1. Temporal Variation of the Components and Comparisons made among Basins
Figure 2 shows the temporal variation of water stress components (i.e., Resources, Access,
Capacity, Use, and Environment) applied to determine the value of WPI for SLRB, HHRB, and SYRB
from 2003 to 2015. It is noteworthy that the overall trends found in the four components followed a
distinct pattern, both in terms of their magnitude (and thus their effects on water stress situations) and
their actual dynamics over the study period. In greater detail, the changes in various components are
described as follows.
• Resources component: Based on Figure 2a, the water resources conditions in SLRB are better
than in the other basins. In contrast, the SYRB represents a disastrous situation in terms of
water resources. SLRB shows that the range between the highest and the lowest value was
about 1.2; this indicates a stable water situation, especially in respect to the range found for both
HHRB and SYRB, which attained values of 33.7 and 26.5, respectively. For HHRB, the resource
component appears to fluctuate significantly and shows two periods of relatively high scores
(>41) for 2005–2006 and 2008–2012. However, the graph also shows that the availability of water
has been declining after a peak value found in 2009. In SYRB, the changes appear to occur in
two stages; one that shows a decreasing stage (2003–2008), and the other a slight increasing stage
(2008–2015). However the values of the first stage are higher than the later stage.
• Access component: The access component (Figure 2b), representing infrastructure to access
water resources, stands at odds with the resources component, for which HHRB reveals the
best water condition. Except for 2008, the index remains remained persistently higher than the
SLRB. Interestingly, there is a decline after the year 2012. For the SYRB, this component shows an
increase especially after the year 2009, with a dramatic rise in the score from 2009 (=8.6) to 53.1 in
2015. It is also noticeable that the curve for SLRB rises before the year 2008, but it exhibits a steep
decline afterwards. This suggests that the infrastructure conditions in SYRB are improving more
than in a trend noted for SLRB.
• Capacity component: The capacity to access water resources, as shown in Figure 2c, appears to be
increasing on a year to year basis at least up till the year 2013. Interestingly, after the year 2013,
the growth of this component for HHRB and SYRB became slower in terms of the change in the
gradient of the line. Overall, in terms of the lowest to the highest value for the basins, the trend
follows SLRB > HHRB > SYRB, indicating that SLRB has the largest while SYRB has the smallest
capacity to access the water resources.
• Use component: Figure 2d shows the utilization (usage) of water resources, whereby the SYRB
has the highest level and the greatest efficiency of water use. As such, the values for this
component registered an increase of 25.3 during the present study period. In fact, HHRB shows
the fastest-growing trend during the period 2005 to 2012 compared to the other study basins,
although this appeared to fall rapidly after the year 2012. For SLRB, this component was relative
higher in first two years, although its value declined and remained persistently low after the
year 2004. This result indicates that better water utilization plans should be implemented in this
basin to reduce the proportion of agricultural water resource consumption and, consequently,
to increase the water use efficiency in the SLRB.
Sustainability 2017, 9, 756 9 of 17
• Environment component: In this component, significant differences in the pollution of the surface
water and the groundwater supply can be noted among the three study basins. From the changes
in Figure 2e, we note that the environmental integrity in the SLRB appears to be the best since
the score is the highest compared to the other components. However, the scores for the HHRB
are generally better than those for the SYRB, except for the year 2012 when they were almost
at par. It is important to note that, for HHRB, environmental pressure can be seen to fluctuate
significantly. In fact, the changing processes driving this component in the SYRB appeared to be
similar to its resources component (Figure 2a) that has two stages; one that is a decreasing phase
(2003–2008) and the other that is a slightly increasing phase (2008–2015).
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Figure 2. Trends of (a) Resource; (b) Access; (c) Capacity; (d) Use; and (e) Environment from 2003
to 2015.
3.2. Temporal Variations of Water Poverty Situation
The scores of the WPI and the water poverty situation are shown in Table 4 and Figure 3. The basin
with the best water situation is the SLRB, which exhibits the lowest and the highest value of WPI over
the period of study; 55.3 and 66.4, respectively. This basin also shows a row of four years marked in
the ‘safe’, six years in the ‘medium safe’, three years in the ‘low safe’, and zero years in the ‘unsafe’
range compared to the standard of 140 nations determined by the Center for Ecology and Hydrology
(CEH) [20]. Interestingly, this basin achieved WPI values that were 10 times ‘greater’ than the WPI
values for China. Notably, the HHRB ranks in the second place, where the WPI values fall into the
range of 40.1 and 58.2. This basin also ranks itself in a relatively better water situation, especially for
the period 2008–2012 compared to both standards [20]. In contrast, the WPI values for the SYRB are
significantly low since the highest value is only 43.9, which can be considered quite unsafe in water
situations compared to both standards.
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Table 4. Comparison of the scores of WPI in the basins with two selected standards.
Year WPI of SLRB Compare to theSafe Value
Compare to WPI of
China (48≤WPI < 56) WPI of HHRB
Compare to the
Safe Value
Compare to WPI of
China (48≤WPI < 56) WPI of SYRB
Compare to the
Safe Value
Compare to WPI of
China (48≤WPI < 56)
2003 61.9 medium safe greater 40.2 unsafe less 26.0 unsafe less
2004 64.4 safe greater 40.6 unsafe less 20.0 unsafe less
2005 55.3 low safe equal 54.6 low safe equal 21.5 unsafe less
2006 55.5 low safe equal 51.8 low safe equal 24.2 unsafe less
2007 55.7 low safe equal 49.6 low safe equal 28.4 unsafe less
2008 64.8 safe greater 58.0 medium safe greater 24.3 unsafe less
2009 66.4 safe greater 58.2 medium safe greater 24.0 unsafe less
2010 59.4 medium safe greater 57.2 medium safe greater 32.0 unsafe less
2011 60.8 medium safe greater 57.6 medium safe greater 30.7 unsafe less
2012 64.4 safe greater 55.0 low safe equal 35.1 unsafe less
2013 59.5 medium safe greater 49.5 low safe equal 43.9 unsafe less
2014 58.5 medium safe greater 51.2 low safe equal 39.4 unsafe less
2015 58.4 medium safe greater 49.8 low safe equal 39.0 unsafe less
Note: the water resources safe value is based on the standard of 140 nations, which was determined by the Center for Ecology and Hydrology (CEH): Safe (WPI ≥ 62); medium safe
(56 ≤WPI < 62); low safe (48 ≤WPI < 56); and unsafe (WPI < 48). The WPI value of China is calculated by the CEH. Figure 3 shows the temporal trends in the Water Poverty Index
over the study period 2003–2015. Notably, the WPI values for both the SYRB and HHRB show an upward trend over the entire period of study such that the scores of WPI for the SYRB
appeared to increase more rapidly, while those for the SLRB appeared to exhibit a slightly decreasing trend. This indicates that the water situation has indeed improved more effectively in
the HHRB and especially in the case of the SYRB.
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increase of 9.6, and that for SLRB exhibits a decrease of 3.5. This shows clearly that more stringent
water policy measures are necessary to address the water poverty situation in the SLRB compared to
the other counterparts.
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the contribution orders to the PI for the SLRB, HHRB and SYRB in 2003 followed the sequence R > E
> U > A > C, A > E > U > R > C, and U > E > R > A > C, respectively, while the contribution orders for
2015 followed the sequence R > E > C > A > U, A > E > C > R > U, and U > A > C > R > E, respectively.
This sequencing indicates that, in the SLRB, the Resources and Environment constitute the majority of
the contributions to the WPI. However, the scores of Capacity appeared to increase by 37.3, while Use
shows a decrease of 38.9, and Access shows a relatively low value compared to the others.
In the HHRB, the results showed that Access and Environ ent constitute the ajority of the
contributions to the PI. I portantly, the scores for Capacity appeared to increase with the largest
argin to a value of 42.5. In the SYRB, Use has a relatively high score, and the contributions of Use,
Access, and Capacity appeared to increase rapidly, while Resources and Environ ent appeared to
decrease. In addition, the HHRB appeared to have the ost balanced situation of the water resource
components in the year 2015 since the differences among the components are were not so distinct.
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study where future water-related policies should perhaps focus on the three basins as a priority in
a decreasing order of importance with the SYRB at the highest, the HHRB at the mid, and the SLRB
at the lowest rank. Importantly, the sub-components of the WPI can help prioritize the basin on
which to focus. For example, better performance of water plans in the SYRB related to the ‘Access’
and ‘Capacity’ components of the WPI were found, whereas the performance of the ‘Resources’ and
‘Environment’ components appeared to lag behind. That indicates that the cause of environmental
problems (e.g., discharge of wastewater and groundwater exploitation) should also be considered a
priority in the future.
4.2. Issues and Challenges of WPI used to Assess Water Stress and Water Management Polices
For the first time in this study region, the WPI was constructed and applied to provide a greater
understanding of the links between the physical extent of water availability and the eco-environment,
including its effects on economics, politics, and the level of societal welfare for studying the water
stress situation. The findings have significant implications for water resources management and the
necessary future research to be performed in these basins. The benefits of the WPI are far reaching as
they do not only show the efficacy of previous water management plans and the sustainability of the
projects but also that the index is useful for prioritizing the needs of the study basins in terms of the
required improvements in the water situation in the future.
The present study also offered a pragmatic way to evaluate the water poverty situation in
the Hexi Corridor of northwest China, where increasing water pressures have received much
attention over a long period of time. In response to developing water management measures, the
study of Xiao et al. [31] developed the Water Security Model, while the study of Zhang et al. [30]
chose the WPI to assess a water stress situation. The former study found that the level of water
pressure was the highest in the Shiyang River Basin, followed by the Heihe and Shule River Basins.
A study by Chen et al. [38] used the WPI framework to calculate the water poverty index for the
Shiyang watershed region from 2001 to 2010, showing a weakening tendency of water pressures.
Kharrazi et al. [17] indicated that the efficiency of the ecosystem water services of the middle reaches
of the Heihe River Basin has increased from 2000 to 2009 through Ecological Network Analysis. Though
different indicators or models were chosen, the present research paper on water pressure rankings
in the three basins and trends in the WPI for the SYRB are consistent with previous research works.
However, in previous studies, there was an ambiguity over the change of the water situation in terms
of the passage of time and water management policy implementations. Therefore, this study has
facilitated a more comprehensive evaluation of the water pressures based on five primary components
and the sub-components considered in the computation of the WPI.
It should also be noted that, in this work, we demonstrated the efficacy of the WPI for inland
river basins located in the Hexi corridor. However, there are some limitations. For example, a selection
of variables, weighting schemes, and aggregation methods for computing the index [8,14,17] could
be considered in a different manner in a separate study. Among these challenges are also the issue
of data limitation and data quality in different study regions [39] as the data collected can be subject
to regional and institutional politics [14]. According to Sullivan et al. [14], a better way of using this
index is to seek more official data so that the approach can address data scarcity issues, particularly
in developing countries [17,40]. Therefore, in this work, we collected the key indicators from the
Water Resources Bulletin in the Gansu Province, which is authentic data published by the Water
Administrative Departments starting in the year 2003 (i.e., the start of our study period). In our
paper, the data were mainly collected from the Water Administrative Departments and Statistical
Bureau, supplemented by typical surveys, sampling surveys, and cross-checks from top-down and
bottom-up perspectives, which were then compiled and adjusted according to the National Water
Resources Comprehensive Planning (2003), Technology Detailed Rules of the National Integrated
Water Resources Planning (2005), and the Code of Practice for the Water Resources Bulletin (2009).
The former was adopted to include the data statistics of the basin scale. It is also acknowledged
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that, at the basin scale, some of the indicators of water stress and water use are difficult to acquire;
for example, the mortality rates of the population under five, the educational level of the population,
and so on. We, therefore, have applied only the Gross Domestic Product (GDP) per capita as the
Capacity component in this paper. In spite of the rigorous testing of the hypothesis, the official data
are prone to many issues of definition, agency bias, and statistical error [41] and the index and the
data may not reveal the true degree of water poverty [14]. However, this study does indicate to a
credible extent the degree of water resources conditions in the basins and the achievement of water
management strategies applied over the historical period of study.
In the context of this paper, we have used the Water Poverty Index as a normalized statistical
metric as an important tool to assist natural resource managers in decision-making process and thus to
help facilitate plans and response measures. Alternative research works with different methods can
also be performed to provide in-depth assessments of water poverty. For example, the application of
artificial neural networks (ANNs) has been used to evaluate the hydrological consequences of climatic
situations in terms of the probability of demand failure in a water resources system in the Guadalquivir
River Basin, southern Spain [42]. ANNs have also been used to identify maps of the probabilities of
drought occurrences in Portugal [43], while a multi-objective optimization model has been applied
for rural water supply systems in Cuiabá, Brazil [44]. In other studies, the envision rating system
was used to assess the sustainability of groundwater infrastructure to address concerns for water
supply [45]. These studies can provide robust alternative ways to investigate the sustainability of
projects and water management decisions, including water poverty for integrated planning and water
resources management; however, this was outside the scope of the present research and, therefore,
awaits another independent study.
5. Conclusions
In order to evaluate water stress and management plans in the inland river basins of the
Hexi Corridor, China for the period 2003 to 2015, several indicators coupled with physical, social,
political, and economic aspects of water stress were selected to comprehensively assess the water
poverty situation and temporal variations based on the Water Poverty Index (WPI). The primary
conclusions of this work are as follows.
From various components and trends based on pentagram diagrams for the study basins,
we conclude that the SLRB showed the best water resource availability conditions, with the highest
capacity to access the water resources with the lowest environmental pressures. However, it was
also evident that this basin exhibited a relative deficiency in the distribution of water resources in
various water sectors, with a notable degree of inefficiency of water use. For the HHRB, the study
found a better infrastructure that was available to access the water resources, including an equilibrium
development among the five components. In contrast to these two basins, the SYRB demonstrated the
highest utilization of water resources, which was also characterized by an extreme lack of water and a
disastrous environmental impact. In accordance with this finding, the components ‘Use’ and ‘Access’
in the SLRB, ‘Use’ and ‘Resource’ in the HHRB, and ‘Resources’ and ‘Environment’ in the SYRB should
be given significant priority for each study basin.
According to the magnitude of the WPI and its comparison with the standard values, the ranking
of water shortage in terms of the extremities from the lowest to the most serious category for the basins
was found to be in the order of the SLRB, followed by the HHRB and then the SYRB, which appeared
to be consistent with the reality in these regions. It is therefore recommended that the development of
a water situation guideline by decision-makers should be consistent with the water stress situations
based on the WPI. The trends found for the WPI for the period 2003 to 2015 showed that integrated
policies and water-stress plans in SYRB were the most effective, with WPI values ranging from 26 in
2003 to 39 in 2015. In other words, the water situation of this area has improved over the study period.
In contrast, the HHRB yielded WPI scores that increased by 9.6, whereas the water situation in the
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SLRB showed that the index had decreased slightly by 3.5. Clearly, better management strategies and
water plans are required for the SLRB in the future.
In summary, we aver that policies, strategies, and work plans implemented in the inland river
basins can mainly be devised for improving the deteriorating conditions of the ecological environment
in the lower reaches of the basins (including the upstream and midstream areas). These notable effects
are the result of substantial policy effects and those that may not be captured adequately by presenting
aggregate statistics at the river basin scale. Thus, future studies based on the Water Poverty Index
should be performed in the relevant sub-basins, particularly to discuss in a more comprehensive way
the water situation and the general trends in water poverty among the upper, middle, and downstream
regions of each basin along with an assessment of the comprehensive management plans that may
have been launched.
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